Background
Many biochemical products are exchanged within the central nervous system (CNS) through the cerebrospinal fluid (CSF), which is the main component of the CNS's extracellular fluid. CSF may reflect the pathophysiology of various neurological disorders that occur in the CNS, as well as in healthy conditions, because the CSF plays a specific role for physiological control in the brain to maintain a stable CNS condition [1] . Various biochemical materials, such as neuropeptides, neurotransmitters, proteins, enzymes, and metabolic by-products, have been assayed in the CSF of patients with psychiatric, neurochemical, dementia, neuroinflammatory, and traumatic disorders [2] [3] [4] . Previous studies have reported that either transforming growth factor (TGF)-b [5, 6] or vascular endothelial growth factor (VEGF) [6] is increased in the CSF of patients with post-hemorrhagic hydrocephalus, whereas tau [7] and tumor necrosis factor (TNF)-a [8] are increased in the CSF of patients with normal pressure hydrocephalus (NPH). Thus, these proteins have emerged as promising biological markers of chronic hydrocephalus [9] .
NPH is characterized by a symptom triad of gait disturbance, cognitive dysfunction, and urinary incontinence in patients with an enlarged ventricular system despite normal CSF pressure [10] . It is a critical pathophysiological feature of NPH that the CSF dynamics are interrupted with reduced absorption through the arachnoid villi, a compensatory CSF flow into the periventricular white matter, and transcapillary CSF absorption [11, 12] . The hydrocephalus of NPH was first considered idiopathic. However, an etiology can be identified in some cases, suggesting a previous history of elevated intracranial pressure. The possible etiologies include, but are not limited to, subarachnoid hemorrhage (SAH), trauma, meningitis, and tumors. Among them, SAH is one of the common causes of NPH, along with idiopathic NPH (INPH). Chronic hydrocephalus develops in 10-20% of patients who survive aneurysmal SAH [13] . Basal cisternal, subarachnoid, arachnoid villi fibrosis, and the formation of arachnoid/pial adhesions may play a major role in developing chronic hydrocephalus after SAH [14] . Although the causal materials of post-SAH fibrosis are still unknown, fibrogenic growth factors, such as TGF-b, have been noted as major factors [15] . Thus, the pathophysiology of INPH should be different from that of SAH-induced hydrocephalus, even though both are chronic communicating hydrocephalus conditions. Most previous studies have only compared the CSF biomarkers between NPH and non-hydrocephalic controls [7, 8] . In those studies, the NPH included both idiopathic and SAH-induced chronic hydrocephalus. Recently, only 1 study has compared the biomarkers in the CSF between secondary NPH and INPH [16] . However, in that study, the etiologies of secondary NPH included SAH, other cerebrovascular disorders, and trauma. Thus, the aim of this current study is to identify the pathophysiology of both communicating hydrocephalic conditions (SAH-induced hydrocephalus and INPH) as reflected by the CSF biomarkers compared to obstructive hydrocephalus.
Material and Methods
We obtained CSF from 8 INPH patients and 10 SAHinduced hydrocephalus patients during performance of ventriculoperitoneal (V-P) shunt operations from 2007 to 2009. Control CSF samples were also collected in the same manner from 6 unmatched patients with non-hemorrhagic secondary chronic obstructive hydrocephalus. All the participants signed an informed consent form with regards to the aims of the study, and the study was approved by the Ethics Committee of Korea University Anam Hospital. INPH was confirmed according to radiological studies, the triad of hydrocephalus-induced symptoms, and the response after external lumbar drainage. SAH-induced hydrocephalus was defined as clinical and radiological hydrocephalus that required treatment, and the hydrocephalus was demonstrable at least 2 weeks after SAH as either the progression of acute hydrocephalus or the development of chronic hydrocephalus de novo. The control group included chronic hydrocephalus patients who required treatment secondary to benign tumors, or previous shunt failure from unknown causes in congenital aqueductal stenosis.
Cerebrospinal fluid samples
All the samples were taken during V-P shunt operations and through intraventricular catheterizations that were fitted for treating patients with hydrocephalus. Approximately 10 mL CSF was collected from the proximal intraventricular catheter before connecting the proximal catheter and shunt valve; the CSF was centrifuged at 800 g for 10 min to sediment both the hematogenous cells and other cells contaminating the sample, and the supernatant was aliquoted and stored at -80˚C until analysis.
VEGF, TGF-b1, TNF-a, and total tau assays
We detected and analyzed specific biomarkers in the CSF by enzyme-linked immunosorbent assay (ELISA). The biomarkers were TGF-b1 for fibrosis and tissue repair, TNF-a for inflammation, VEGF for angiogenesis, and total tau protein for neurodegeneration. VEGF, TGF-b1, TNF-a, and total tau concentrations were determined using commercially available sandwich ELISAs (Bender MedSystems GmbH, Vienna Austria, and Invitrogen, Carlsbad, California, USA) according to the manufacturers' instructions. The sensitivity of the assays were 7.9 pg/mL for VEGF, 9.0 pg/mL for TGF-b1, 1.65 pg/mL for TNF-a, and 12.0 pg/mL for total tau. The intra-assay coefficient of variation was 6.2% (mean: 571 pg/mL, n=8) for VEGF; for TGF-b1, it was 5.1% (mean: 14,346 pg/mL, n=8); for TNF-a, it was 6.0% (mean: 295 pg/mL, n=7); and for total tau, it was 4.4% (mean: 578 pg/mL, n=3). All assays were carried out in duplicate. All ELISA 96-well microtiter plates were analyzed using a microplate photometer with a maximum absorbance set at 470 nm (SpectraMax ® M2e Microplate Reader, California, USA).
Statistical analysis
The significance of differences of each biomarker level among the SAH-induced hydrocephalus, INPH, and control groups was established by the results
Patient clinical profiles
Two of the eight INPH patients were male, and the rest were female. Their mean age was 67 years (range, 59-80 years). Their mean symptom duration was 17 months (range, 5 months-3 years). Two of the 10 SAH-induced hydrocephalus patients were male, and the rest were female. Their mean age was 66.2 years (range, 46-79 years). Their mean duration from SAH to V-P shunt was 84.2 days (range, 26-138 days). Seven and two patients underwent surgical aneurysm clipping and coil embolization, respectively, before the V-P shunt. One patient did not undergo any intervention for the aneurysm except a V-P shunt due to the patient's old age (79 years old) and generally poor condition. Three patients underwent extraventricular CSF drainage between the times of aneurysm surgery and V-P shunt for treating their acute hydrocephalus. The non-hemorrhagic secondary obstructive chronic hydrocephalus patients in the control group comprised 3 males and 3 females. Their mean age was 43.3 years (range, 4-63 years). Four patients suffered from chronic hydrocephalus secondary to benign tumors, and two patients had chronic hydrocephalus secondary to the malfunctioning of shunt devices which had been implanted to treat a congenital aqueductal stenosis. Tables 1 and 2 summarize the characteristics of the patients with SAH-induced hydrocephalus and NPH and the patients in the control group, respectively.
Comparison of CSF biomarkers
The mean VEGF concentrations (mean ±SD) in the CSF of the SAH-induced hydrocephalus, INPH, and control patients were 239±131 (median: 212), 239±75 (median: 224), and 163±122 (median: 146.5) pg/mL, respectively. No significant differences were observed among them. The mean total tau concentrations in the CSF of the SAH-induced hydrocephalus, INPH, and control patients were 1139±1900 (median: 332), 325±325 (median: 223), and 1550±2886 (median: 331) pg/mL, respectively. No significant differences were observed among them. The mean TNF-a concentrations in the CSF of the SAH-induced hydrocephalus, INPH, and control patients were 114±34 (median: 122), 134±38 (median: 123), and 55±16 (median: 53) pg/mL, respectively. A significant difference was seen among these concentration values (p<0.01). The mean TGF-b1 concentrations in the CSF of the SAH-induced hydrocephalus, INPH, and control patients were 953 ± 430 (median: 893), 869±447 (median: 763), and 136±63 (median: 149.5) pg/mL, respectively. Significant differences were observed among them (p<0.01).
We statistically analyzed the CSF biomarkers between each set of two groups by the Mann-Whitney U test. A significant difference was observed between the SAH-induced hydrocephalus and control groups, and between the INPH and control groups in the levels of only TNF-a and TGF-b1, respectively (p<0.01), whereas no significant differences were observed between the SAH-induced hydrocephalus and INPH groups for all examined biomarkers.
Figures 1-4 demonstrate the comparison of the concentrations of these CSF biomarkers among the three groups, and Table 3 shows each level of the CSF biomarkers of the three groups.
discussion
We failed to find significant differences of the levels of these four CSF biomarkers between the INPH and SAH-induced hydrocephalus groups. Our study demonstrated that no statistical difference in the above-mentioned biomarker levels was noted between the 2 types of NPH. This partially accorded with the previous study that compared CSF biomarkers, including tau, between secondary NPH and INPH [16] . Instead, when control CSF samples were obtained from patients with non-hemorrhagic secondary chronic obstructive hydrocephalus, the levels of TNF-a and TGF-b1 of both NPH types appeared to be elevated compared to this control group in our study.
The origin of tau is probably damaged or degenerative neuronal cells in the subependymal region of the dilated cerebral ventricles [7] , while TNF-a may result from activated microglial or inflammatory cells in the brain during the development of chronic hydrocephalus [8] . TGF-b1 is expressed from endothelial, hematopoietic, and connective tissue cells in response to tissue injury for wound healing or fibrosis [17] , whereas following hemorrhage, it is released from astrocytes [18] and platelets [5, 6] into the CSF. Meanwhile, under normal conditions, only a diffuse expression of VEGF is observed in the brain, with the exception of some specialized cells, such as those of the epithelium in the choroid plexus [19] . In contrast, under local or systemic hypoxia, neurons, astrocytes, and microglial cells all show enhanced VEGF expression [20] [21] [22] .
Our results suggest that the expression of some biomarkers in the CSF may be dependent on the time that the CSF was taken. In particular, the TGF-b1 level in the CSF appeared to be more elevated in the acute phase of hemorrhage. Flood et al. [5] observed that the CSF TGF-b1 levels were elevated at 1-2 days and at 9-10 days post-hemorrhage compared to non-hemorrhagic hydrocephalic levels. Douglas et al. [15] reported that the total TGF-b1 levels in post SAH hydrocephalus over 1-5 days were significantly higher than the levels in non-hemorrhagic hydrocephalic patients, and these significantly high levels were sustained through 6-14 days. In contrast, Heep et al. [6] found that the TGF-b1 CSF concentrations of premature infants with post-hemorrhagic hydrocephalus did not differ from those of newborn infants with non-hemorrhagic congenital hydrocephalus. They collected CSF samples at least 14 days after intraventricular hemorrhage in premature infants with post-hemorrhagic hydrocephalus. We also collected CSF samples at least 26 days after the chronic phase of SAH. Interestingly, Li et al. [1] reported that the CSF TGF-b1 levels of INPH patients were increased compared to those of the patient control group, who had only tension headaches. Taken together, in our series no difference was observed in the CSF TGF-b1 levels between patients with chronic SAH-induced hydrocephalus and those with INPH, whereas CSF TGF-b1 levels in both groups were elevated compared to the control group. These findings suggest that CSF TGF-b1 in the chronic phase of SAH-induced hydrocephalus and INPH is more expressed through the wound healing process and fibrosis compared to chronic obstructive hydrocephalus secondary to an intracranial tumor and congenital origins.
Some previous studies also reported that VEGF was increased in the CSF of patients with post-hemorrhagic hydrocephalus [6] or chronic obstructive hydrocephalus [23] . Heep et al. [6] demonstrated that in neonates, the CSF VEGF levels of patients with post-hemorrhagic hydrocephalus were significantly elevated compared to those of patients with non-hemorrhagic hydrocephalus, even though the CSF VEGF levels of post-hemorrhagic and non-hemorrhagic hydrocephalus patients were increased compared to those of the non-hydrocephalic neonate controls. Koehne et al. [24] reported that VEGF concentrations in hydrocephalus CSF samples, including those samples from post-hemorrhagic operations secondary to an intracranial tumor and congenital origins, were significantly elevated compared with those from routine diagnostic lumbar punctures for unrelated reasons. Chronic hydrocephalus probably increases intracranial pressure, and increased intracranial pressure may decrease the cerebral blood flow and induce chronic tissue hypoxia. Finally, such conditions may induce VEGF secretion from the choroid plexus or migration of VEGF from the surrounding brain tissue [6, 23] . In our series, no significant differences in CSF VEGF levels were seen among the SAH-induced hydrocephalus, INPH, or control patients. This finding suggests that VEGF is probably well expressed in the CSF of patients with chronic hydrocephalus whether it is idiopathic or secondary, and communicating or non-communicating.
Some previous studies have demonstrated that the expression levels of tau [7, 25] and TNF-a [8] in the CSF of NPH patients, regardless of whether it was idiopathic or post-SAH hydrocephalus, were elevated compared to that of the controls. Tau protein is a microtubule-associated protein, and it has been found to be elevated in the CSF of patients suffering from neurodegenerative diseases such as Alzheimer's disease [26] , Lewy body dementia, corticobasal degeneration [27] , and Creutzfeldt-Jakob disease [28] , indicating that it is a marker of neuronal degeneration. TNF-a is a proinflammatory cytokine that mediates myelin damage, and it is also overexpressed in the CSF of INPH patients and in patients with NPH induced by various etiologies, including SAH [8] and other neural disorders that present with demyelination, such as vascular dementia [29] and stroke with white matter lesions. By contrast, some studies showed that lumbar CSF TNF-a concentration was low in INPH patients [30] . Our results demonstrated that there was no significant difference in CSF total tau levels among SAH-induced hydrocephalus, INPH, and control patients. Interestingly, while no difference in CSF TNF-a level was observed between patients with chronic SAH-induced hydrocephalus and those with INPH, the TNF-a level was increased compared to that of the control group. These findings suggest that total tau is also well expressed in the CSF of patients with chronic hydrocephalus regardless of the causes, whereas CSF TNF-a of the chronic phase of post-SAH hydrocephalus and INPH is more expressed through an inflammatory reaction after tissue injury from hemorrhage and ventriculomegaly compared to chronic obstructive hydrocephalus secondary to an intracranial tumor and congenital origins.
This study had some limitations. As mentioned above, because we did not obtain the CSF biomarkers of non-hydrocephalic controls, no reference values are yet available for the biochemicals in the CSF of healthy subjects and we do not know the age-matched reference values of these biomarkers among the study populations. However, it is practically difficult to obtain CSF samples through ventricular catheterization from healthy people due to ethical issues and technical limitations. Besides, because the aim of this study was to examine the difference of CSF biomarkers between SAH-induced hydrocephalus and INPH compared to obstructive hydrocephalus, we did not consider a normal control group. Another limitation was the small number of patients in each group because this was a pilot study. Finally, we obtained CSF samples only one time during ventricular catheterization for a shunt operation. It has been demonstrated that the levels of certain markers in the CSF might fluctuate over time, so a sample at one time point might be of limited use [31] . However, repeated ventricular punctures or CSF collection from the implanted shunt devices to monitor the CSF biomarkers are limited due to infection and technical problems even though CSF in the brain ventricles is theoretically more stable and the values in this CSF probably provide more reliable informations than those for the CSF obtained by lumbar puncture in the spinal canal [32] . Moreover, little fluctuation in the levels of some Alzheimer disease biomarkers in lumbar CSF has been reported [33] .
conclusions
In the present study, we could not demonstrate a significant difference in the expression levels of biological CSF markers between INPH and SAH-induced chronic hydrocephalus. This finding suggests that the pathophysiology of both types of NPH may be similar. Instead, we showed that CSF TNF-a and TGF-b1 levels in patients with SAH-induced hydrocephalus and INPH were increased compared to those in patients with chronic obstructive hydrocephalus. It implies that post-SAH hydrocephalus and INPH are probably more destructive to neural tissue and then stimulate the inflammatory reaction and healing process to a greater extent compared with obstructive hydrocephalus. Further investigation in a larger group is warranted to settle these issues in the future. Finally, more refined assay techniques will probably lead to tests of the CSF composition that will indeed be useful for the clinical management of hydrocephalic patients.
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